Highly dense pore structure was generated by simple sequential routes using NaCl and PVA as porogens in conventional PbTe thermoelectric materials, and the effect of pores on thermal transport properties was investigated. Compared with the pristine PbTe, the lattice thermal conductivity values of pore-generated PbTe polycrystalline bulks were significantly reduced due to the enhanced phonon scattering by mismatched phonon modes in the presence of pores (200 nm-2 m) in the PbTe matrix. We obtained extremely low lattice thermal conductivity (∼0.56 W m −1 K −1 at 773 K) in pore-embedded PbTe bulk after sonication for the elimination of NaCl residue.
Introduction
Thermal energy can be directly converted into electrical energy and vice versa through the flow of charge carriers in solid-state without any moving parts using thermoelectric (TE) materials [1, 2] ; thus TE is focused as a key technology for renewable energy harvesting and solid-state refrigeration. Since the efficiency of TE device is directly determined by the performance of TE materials ( ), which is defined as = 2 / , where is the Seebeck coefficient, is the electrical conductivity, and is the thermal conductivity at a given absolute temperature , researches have been mainly concentrated on discovering new concepts as well as experimental approaches to enhance . Breaking the trade-off between and by reducing the lattice thermal conductivity ( latt ) is one of the most effective approaches due to the relative easiness of controlling latt without significantly affecting the carrier transport. In conventional TE materials such as Bi 2 Te 3 , PbTe, and SiGe, the perturbations of structural arrangements for enhancing phonon scattering through nanostructuring and/or solid-solution alloying have been shown to be one of the effective ways to minimizing latt [3] [4] [5] [6] [7] [8] . Recent experimental and theoretical results confirm that reduced latt can be attained by the following mechanisms: alloy scattering [3] [4] [5] [6] , resonant scattering [9] [10] [11] [12] [13] , anharmonic scattering [14] , and interface scattering of phonons [15] [16] [17] or their combination.
Noninvasive formation of phonon scattering centers is another effective way to generate effective phonon scattering without altering the framework of TE materials and introducing other elements. One promising approach is the formation of nanoscale pore structure since such defect can be effective phonon scattering centers without sacrificing electronic transport properties ( and ). How to control the dimension as well as distribution of pores is crucial to determine the frequency dependence of scattering mechanism for heat-carrying phonons [7] [8] [9] . Practically, it is important to make randomly distributed pores in the TE matrix through 2 Advances in Condensed Matter Physics simple and cost-effective routes. Here we report the simple and scalable technique for generation of highly dense pore structure by using cost-effective porogens (NaCl and PVA) in PbTe compounds. We investigated the relation between pore structure and thermal transport properties considering structural features of pore-embedded PbTe.
Experimental
Crystal ingots of PbTe were prepared by conventional melting technique by the use of high-purity elemental Pb (>99.99%, Sigma-Aldrich) and Te (>99.999%, 5 N Plus) as starting materials. Pb and Te granules were weighed with a stoichiometric ratio of the elements and sealed in an evacuated fused silica tube 12 mm in diameter. The tube was heated to 1323 K in a box furnace for 10 h to make congruent melting and then slowly cooled down to room temperature. The ingots were ground into powders using ball mill, and mixed powders of PbTe and porogens (NaCl and PVA) were formed by a simple mixing of PbTe and porogens powders using high-energy ball mill. Inorganic and organic materials such as 3 wt.% (equal to 10 vol.%) of NaCl (SigmaAldrich) and 2 wt.% (equal to 11 vol.%) of polyvinyl alcohol (PVA, chemical formula: [CH 2 CH(OH)] n , Sigma-Aldrich) were used as porogens. These materials were chosen because of the easiness of handling, abundance, and good solubility in water. The huge difference in water solubility between PbTe and porogens enables the formation of pores without deteriorating PbTe matrix. Then disk-shaped polycrystalline bulk samples of 10 mm in diameter and 3 mm in thickness were prepared using spark plasma sintering (SPS) technique under dynamic vacuum and with the application of 80 MPa of uniaxial pressure at 573 K for 3 min. For convenience, NaCl-and PVA-embedded PbTe samples consolidated by SPS denote PbTe + NaCl and PbTe + PVA, respectively. The relative density of the pristine PbTe bulk sample was about 97%, while those of PbTe + NaCl and PbTe + PVA were slightly higher (∼98%). The phases of PbTe powders were analyzed by powder X-ray diffraction analysis using an Xray diffractometer (XRD, Rigaku Smartlab) equipped with Cu K radiation ( = 1.5418Å). Microstructural and morphological changes of compacted samples were investigated by scanning electron microscopy (SEM, JEOL JSM-7600F). The values from 300 K to 773 K were measured using a ZEM-3 system (ULVAC-RICO, Japan). The values ( = ) were calculated from measurements taken separately: sample density ( ), heat capacity ( ), and thermal diffusivity ( ) measured under vacuum by laser-flash method (TC-9000, ULVAC, Japan), in which was used as the constant value of 0.155 J g −1 K −1 estimated from the Dulong-Petit fitting using low temperature data. All measured data, which were acquired at the same dimension and configuration, are obtained within the experimental error about 5%.
Results and Discussion
We fabricated the pore-embedded PbTe polycrystalline bulks and evaluated their electronic and thermal transport properties to clarify the effects of pore structure on the phonon scattering behavior. Figures 1(a) , 1(b), and 1(d) show the X-ray diffraction (XRD) patterns for SPS compacted PbTe, PbTe + NaCl, and PbTe + PVA bulk samples, respectively. For PbTe + NaCl sample, the peak for NaCl (2 0 0) is clearly seen, indicating that porogen materials remained in the PbTe matrix even after SPS process. In order to remove the porogen materials, PbTe + NaCl and PbTe + PVA bulk samples were sonicated in water. The residues of porogen materials were eliminated by 30 min sonication in the preheated 60 ∘ C deionized water owing to the high water solubility of NaCl and PVA. No other peaks corresponding to porogen materials are detected after sonication process (Figures 1(c) and 1(e) ). No differences in peak shift and lattice parameter were observed in XRD analysis (Figure 1) for PbTe, PbTe + NaCl, and PbTe + PVA samples regardless of sonication. Therefore, we consider that there is no considerable chemical reaction, such as substitutional doping of porogen or the formation of secondary phase, between host material and porogen in these samples. Calculated lattice parameters from XRD patterns for pristine PbTe and pore-embedded PbTe samples were = = = 6.460(4)Å. The elimination of porogen residues and formation of pore structure are confirmed by SEM analysis. Figure 2(a) shows simplified schematics of the route for pore generation using porogens (NaCl and PVA). Firstly, porogens were uniformly mixed with pulverized PbTe powders by high-energy ball milling. Secondly, porogens were embedded in bulk PbTe during the pressure-induced sintering process such as SPS. Finally, residues of porogen materials were removed by sonication in water. Figures 2(b) and 2(d) show the SEM images of fractured surfaced SPS compacted PbTe + PVA and PbTe + NaCl samples. There was no pore-like structure suggesting added porogen materials are embedded in PbTe matrix; thus the relative densities of those were relatively high (∼98%), while highly dense nanoand microscale pores (200 nm-2 m) are clearly seen after sonication (Figures 2(c) and 2(e) ). The relative densities of sonicated PbTe + PVA and PbTe + NaCl bulks were reduced to the value about 96% and 95%, respectively. This indicates that pores were generated with the porosity of ∼7.3% in both of the sonicated porogen-embedded samples. Pore structure formation can also be confirmed in and data. Figure 3(a) shows the temperature dependence of evaluated values for PbTe + NaCl, PbTe + PVA, sonicated PbTe + NaCl, and sonicated PbTe + PVA bulk samples. That of the pristine PbTe sample is shown for comparison. As shown in Figure 3(a) , the values of PbTe + NaCl and PbTe + PVA were lower than those of pristine PbTe over whole measured temperature range despite restricted pore generation (Figures 2(b) and 2(d) ). It could be understood from the expectation that porogens act as scattering center for heatcarrying phonons. Further, it should be noted that values of PbTe + NaCl and PbTe + PVA were significantly reduced by sonication. To clarify this thermal transport behavior, we measured (inset of Figure 3 
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PbTe + NaCl Sonicated PbTe + NaCl PbTe + PVA Sonicated PbTe + PVA Figure 4 : Seebeck coefficient values as a function of temperature for PbTe and PVA-and NaCl-embedded PbTe samples before and after sonication, respectively. pore structure (Figure 3(b) ). This is considered to be related with the heterointerface between PbTe matrix and porogens and low values of NaCl (∼0. ) at 773 K in sonicated PbTe + NaCl. These indicate that the strong phonon scattering was induced in the presence of randomly distributed pores due to the reduction in the channels for phonon transport path and the increased phonon scattering at the pore surfaces by mismatched phonon modes [19] . In Figure 4 , Seebeck coefficient values were changed by introducing porogens into the PbTe host matrix due to the differences in density as well as in physical properties between PbTe and porogens, which might produce composite-like effect. However, after sonication that induces the formations of pores in the PbTe host matrix by removing porogens, Seebeck coefficient values of pore-embedded PbTe samples as a function of temperature were similar to those of pristine PbTe. This indicates that the pore generation by demonstrated method here does not considerably affect the thermopower nature of PbTe host matrix. Initially, electrical conductivity values of PbTe + PVA sample are lower than those of pristine PbTe in the measured temperature range. However, after sonication, electrical conductivity was drastically increased Advances in Condensed Matter Physics 5 in the temperature range from 300 to 600 K. This might be related to the chemical decomposition of PVA that is dissolved in water and actively removed during sonication, leading to the generation of pores. Probably, some linkages of PVA (mainly carbon residue) remained at the grain boundaries of PbTe host matrix or at the interface between pores and matrix, providing the conducting path for lowenergy carriers. This might keep the thermopower nature of PbTe matrix in the sonicated PbTe + PVA sample, enhancing the electrical conductivity. Theoretically, it was predicted that latt reduction depends not only on the density of pore (porosity) but also on the size of pore and is much stronger if the separation between pores is comparably smaller than the mean free path of phonon and the size of pore is getting smaller [19] . Although the optimization of processing technique for the generation of monodispersed nanoscale pores with less than 50 nm in diameter is highly required to realize both strong scattering of heat-carrying phonon and maintaining electronic transport properties (phonon glass electron crystal), it was experimentally demonstrated that latt could be significantly reduced by the formation of pore structure. An additional study for the correlation between pore size (as well as porosity) and thermal transport properties will be reported in elsewhere.
Conclusions
In this paper, we successfully fabricated the pore structure in PbTe matrix without any secondary phase through simple sequential routes of mixing, consolidation, and sonication using NaCl and PVA as porogens. By introducing pores in the PbTe matrix, the lattice thermal conductivity was significantly decreased by 58% for pore-embedded PbTe by NaCl, which originated from intensified phonon scattering by the reduction in the propagation paths for phonon transport in the presence of randomly distributed pores. We expect that this concept can be applied to most of thermoelectric materials to enhance thermoelectric performance by reduction of the lattice thermal conductivity since this methodology cannot alter crystal structure and chemical compositions of host thermoelectric materials by generating pores inside the grains and/or at the grain boundaries.
